Oligonucleotides targeting M5 muscarinic receptor mRNA were infused for 6 d into the ventral tegmental area of freely behaving rats trained to bar-press for lateral hypothalamic stimulation. The bar-pressing rate was determined at a range of frequencies each day to evaluate the effects of infusions on reward. M5 antisense oligonucleotide (oligo) infusions increased the frequency required for bar pressing by 48% over baseline levels, with the largest increases occurring after 4-6 d of infusion. Two control oligos had only slight effects (means of 5 and 11% for missense and sense oligos, respectively). After the infusion, the required frequency shifted back to baseline levels gradually over 1-5 d. Antisense oligo infusions decreased M5 receptors on the ipsilateral, but not the contralateral, side of the ventral tegmentum, as compared with a missense oligo. Therefore, M5 muscarinic receptors associated with mesolimbic dopamine neurons seem to be important in brain-stimulation reward.
Dopamine-containing neurons of the ventral tegmental area (VTA) and substantia nigra (SN) are important for brain-stimulation and drug rewards (Phillips and Fibiger, 1978; Gallistel and Karras, 1984; Wise, 1978; Stellar and Corbett, 1989) . Because rewarding stimulation of the medial forebrain bundle directly activates mainly nondopaminergic myelinated axons, dopamine neurons are believed to be indirectly activated in brain-stimulation reward (Yeomans et al., 1985b; Bielajew and Shizgal, 1986) .
One important input to dopamine neurons is from cholinergic neurons of the pedunculopontine and laterodorsal tegmental nuclei, which monosynaptically activate dopamine neurons via nicotinic and muscarinic receptors (Clarke and Pert, 1985; Fujimoto et al., 1990; Bolam et al., 1991; Lacey et al., 1990; Futami et al., 1995) . Cholinergic agonists nicotine and carbachol injected near dopamine cells increase dopamine release in the dorsal striatum or nucleus accumbens (Imperato et al., 1986; Blaha and Winn, 1993; Blaha et al., 1996) .
Cholinergic receptors in the VTA are important for brainstimulation reward. Hypothalamic brain-stimulation reward induces acetylcholine release in the VTA (Rada et al., 2000) . Acetylcholine in the VTA increases bar-pressing rates for brainstimulation reward (Redgrave and Horrell, 1976) . Muscarinic blockers in the VTA approximately double thresholds for brainstimulation reward, whereas nicotinic blockers increase thresholds by ϳ20% (Yeomans et al., 1985a; Kofman et al., 1990; Yeomans and Baptista, 1997) . Nicotinic receptors in the VTA are believed important for the mediation of nicotine self-administration (Corrigall and Coen, 1989; Corrigall et al., 1992 Corrigall et al., , 1994 , nicotineinduced locomotion (Museo and Wise, 1990; Reavill and Stolerman, 1990) , and nicotine-induced dopamine release in rats (Nissell et al., 1994) .
Five muscarinic receptor genes have been cloned (Kubo et al., 1986; Bonner et al., 1987 Bonner et al., , 1988 Peralta et al., 1987) , and their receptors have been localized in the rat brain (Levey et al., 1991) . In the VTA and SN, the only mRNA found for these muscarinic receptors is for the rare M5 subtype (Vilaro et al., 1990; Weiner et al., 1990; Yasuda et al., 1993) . M5 receptors and mRNA are associated with dopamine cells and D2 receptors (Weiner et al., 1990; Flynn et al., 1997) and are lost when dopamine cells are killed with 6-hydroxydopamine (Vilaro et al., 1990; Flynn et al., 1997) .
To test whether M5 receptors are crucial for brain-stimulation reward, in this study an M5 antisense oligonucleotide was infused into the VTA to inhibit production of the M5 receptor. (No selective agonist or antagonist at the M5 receptor is available.) Oligonucleotides (oligos) are short DNA molecules that can be transported into neurons and arrest the translation of new protein by hybridizing with the complementary mRNA (Crooke, 1992; Wagner, 1994; Wahlestedt, 1994) . Oligos injected into the brain can alter the production of selected proteins (McCarthy et al., 1993; Wahlestedt et al., 1993; Zang et al., 1994; Neckers et al., 1995) and alter behaviors consistent with the functions of those proteins (Wahlestedt et al., 1993; Zhang and Creese, 1993; Adams et al., 1994; Akabayashi et al., 1994; Ogawa et al., 1994; Tischmeyer et al., 1994; Neckers et al., 1995; Phillips and Gyurko, 1995) .
Parts of this paper have been published previously (Yeomans et al., 1995) .
MATERIALS AND METHODS
Oligonucleotides. Oligos were synthesized on an Applied Biosystems (Foster C ity, CA) DNA Synthesizer 394 and column purified. Concentrations were determined by optical absorbance and f urther verified by ethidium bromide staining on agarose gel.
The oligo sequences were based on a rat M5 receptor cDNA sequence (Bonner et al., 1988) . The M5 sense oligo chosen was a copy of a 21-base sequence of the rat M5 receptor gene, near the 5Ј end of the cDNA sequence, including the last 6 bases before the start codon and the next 15 bases in the coding region of the gene. The M5 antisense oligo was the complement to the M5 sense, designed to prevent translation of the M5 receptor protein by hybridizing with the initiation region of the mRNA transcribed from the M5 receptor gene. The M5 mismatched antisense ("missense") oligo included the same bases as the M5 antisense oligo, but four bases were changed in position. This was accomplished by exchanging two bases with two other bases (the first pair moved by one base position and the second pair moved by two base positions). All oligos had unmodified (i.e., phosphodiester) backbones, which are believed to be less toxic than thionated backbones (Wahlestedt, 1994) . The M5 sense control assesses whether direct inhibition of the gene occurs; the M5 missense control assesses whether the inhibition is sequence-specific for the M5 mRNA. The sequences were as follows: M5 sense, 5Ј-GCC AGG ATG GAA GGG GAG TC T-3Ј; M5 antisense, 5Ј-AGA C TC CCC TTC CAT CC T GGC -3Ј; and M5 missense, 5Ј-AGA C TC CCC TTC CAC TCG GTC -3Ј.
The GenBank program, version 87, was surveyed to compare sequences of 24,095 genes presently sequenced in rodents with the 3 sequences used here. None showed more identity with the M5 antisense oligo than did the control missense oligo (14 continuous bases identical and 17 of 21 total bases identical), although several showed similar levels of identity. For example, the "mouse insulin-like growth factor II" had 14 continuous bases that matched. The most interesting, the "rat G-protein-coupled muscarinic potassium channel" also had 14 continuous bases that matched. The probability that any known or unknown rat gene can be identical with any 21-base sequence is ϳ3 billion divided by 4 to the 21st power, which is Ͻ1 in 1000.
Alzet osmotic minipumps (model 2002; Alza, Palo Alto, CA) were filled with 200 l of an oligo solution diluted in artificial C SF to a final concentration of 10 M oligo and then primed (preincubated) at 37°C in saline for at least 15 hr before implantation under ketamine and xylazine anesthesia. Each pump released this solution at a steady rate of 0.5 l/hr or 30 ng of oligo/ hr. These continuous inf usions are more efficient than are repeated invasive injections and can maintain a more stable concentration of oligo.
Procedure. The rats tested in this experiment had electrodes placed in the lateral hypothalamus and cannulae placed in the V TA, aimed for sites where injections of antimuscarinic agents inhibit brain-stimulation reward (Yeomans et al., 1985a; Kofman and Yeomans, 1989; Kofman et al., 1990) . Surgery was performed under pentobarbital anesthesia (60 mg / kg). The 250-m-diameter stainless-steel electrodes were insulated with Epoxylite except for a hemispherical exposed tip. The electrodes were aimed for the medial forebrain bundle at the level of the lateral hypothalamus (2.6 mm posterior to bregma, 1.8 mm lateral to the midline, and 9.2 mm below dura, with the lambda-bregma line placed horizontally). A guide cannula (Plastics Products, Roanoke, VA) 0.7 mm in diameter was implanted above the V TA (4.8 mm posterior to bregma, 0.8 mm lateral to the midline, and 7.7 mm below dura) ipsilateral to the electrode. The 28-gauge injector cannula (0.34 mm in diameter) extended 0.8 mm f urther into the V TA.
All rats were allowed 6 d to recover from surgery before training began. They were placed in a Plexiglas operant chamber (30 ϫ 30 ϫ 28 cm) with a 5-cm-wide lever protruding 4 cm into the chamber. Each rat was trained to bar press for 0.5 sec trains of monophasic, 0.14-msec-duration constantcurrent cathodal pulses. All rats pressed at rates Ͼ40 bar presses/min and received at least five sessions of training or baseline testing before formal testing began. During those preliminary sessions, currents were adjusted so that rate -frequency curves rose rapidly near 60 Hz. These currents, which ranged from 130 to 850 A (mean, 440 A) in different sites, were then held constant for each rat for all subsequent testing, during which only the frequency of testing was varied.
The stimulation parameters (large surface-area electrodes, shortduration pulses, and moderate currents) were chosen to maximize the direct activation of myelinated axons of the medial forebrain bundle and to minimize the direct activation of unmyelinated axons, such as dopamine axons (Segal and Bloom, 1974; Yeomans, 1975 Yeomans, , 1979 Yeomans et al., 1985b Yeomans et al., , 1988 Bielajew and Shizgal, 1986; Koyama et al., 1987; Murray and Shizgal, 1996) .
The rate of bar pressing was measured in an automated procedure (C ampbell et al., 1985) at a range of frequencies, separated by 0.1 log units (i.e., 25, 32, 40, 50, 63, 79, 100, 130, and 160 Hz) or by 0.05 log units in a few cases. When rats were able to generate stable rate -frequency curves every 10 min (i.e., which did not vary by Ͼ0.1 log units) without intervention by the experimenter, formal testing began. On at least 3 d before inf usions began, a minimum of five rate -frequency curves were obtained each day to establish a baseline. These curves always included at least one frequency that generated maximal bar-pressing rates for this rat (always Ͼ40 bar presses/min) and at least one frequency that generated Ͻ10 bar presses/min. Each day during and after the oligo inf usion, a minimum of five rate -frequency curves was obtained. The effects of the inf usion on reward were assessed by the lateral shift in the rate -frequency curve (determined at the half-maximum rate), and the effects of the inf usion on motor performance were assessed by the peak bar-pressing rates (Edmonds and Gallistel, 1977) .
Oligo inf usions. After the final day of baseline testing in each rat, an osmotic minipump was surgically implanted subcutaneously between the scapulae. A tube passed from the pump subcutaneously along the dorsal surface of the neck and exited the skin near the skull cap to connect with the cannula. The exposed tube was protected by U-shaped wires (0.8 mm in diameter) attached to the skull cap, so that the rat could not manipulate and damage the tube. After 6 d of continuous inf usion, the exposed tube was cut near the entry to the cannula and examined for moisture to assess whether fluid was still coming from the pump.
After 6 d recovery, most rats received a second miniosmotic pump, filled with another oligo, following the surgical procedure described above.
Rate -frequency curves were tested during each of the 6 d of infusion and for 3-6 d of recovery. Each rat received one M5 antisense oligo and one control oligo in a counterbalanced order.
Histolog y. All rats tested behaviorally were killed under pentobarbital anesthesia at the end of the experiment. Intracardial perf usion of saline and 10% formalin was followed by removal of the brain from the skull. Each brain was soaked overnight in formalin saturated with sucrose and Figure 1 . Electrode and cannula sites. Top , Electrode sites were in the medial forebrain bundle as shown on modified sections from the Paxinos and Watson (1986) atlas. The dark circles show the tip locations, identified by the number of the animal. Bottom, The dark lines show the maximum extent of damage (gliosis or missing tissue, traced from Nissl-stained tissue) near all cannula tips. In sites where the damage was minimal, the injector cannula tips were observed as a pointed region.
then coronally sectioned at 40 m in a cryostat. The Nissl-stained sections were examined for locations of electrode and cannula tips and for cellular damage near the cannula. The section nearest the cannula tip was projected onto the nearest atlas section (Paxinos and Watson, 1986) . The lesion was displayed by tracing the area of greatest gliosis or tissue loss onto the atlas section.
Muscarinic receptors. To measure specific inhibition of M5 receptors, another set of nine rats was implanted with the V TA cannulae as described above, and after recovery, M5 oligos were inf used via an osmotic minipump as described above. Five rats were inf used with the M5 antisense oligo, and four were inf used with the M5 missense oligo. After 6 d of inf usion, all rats were killed by decapitation, their brains were removed, and the ventral tegmentum was dissected by hand. T wo coronal cuts of the brains were made: at the rostral end of the mammillary bodies and the rostral end of the pons. Then, the medial lemniscus was observed at the rostral end of the block, and a horizontal cut was made to create a tissue block of the ventral tegmentum, which was then sectioned at the midline. These blocks were placed on dry ice and coded.
The density of M5 receptors was measured in grouped samples using blind procedures by D.D.F., with the assay methods described previously Reever et al., 1997) . Muscarinic receptors other than M5 were blocked by pretreating tissue in 30 g /ml green mamba toxin and 1 M AQ-R A 741. This procedure blocks Ͼ99% of M1, M2, and M4 receptors and Ͼ85% of M3 receptors, while sparing the majority of M5 receptors. The remaining receptors are measured by binding with 
RESULTS Histology
Electrodes were located in the medial forebrain bundle at levels from the anterior commissure (rat K18) to the lateral hypothalamus ( Fig. 1, top) . Injector cannula tips were located within a 2-mm-diameter region in and around the VTA, with most tips ending near the VTA (Fig. 1, bottom) . The most effective sites, in general, were those nearest the lateral VTA or medial SN (e.g., J3 and K11) at ϳ5.0 mm behind bregma or just dorsal to this part of the V TA and SN (M25 and M24). The least effective site (where a rate -frequency curve shift of only 13% was observed) was for rat K18, whose injector tip site was located in the posterior hypothalamus.
Brain-stimulation reward: effect of infusions
Typical rate-frequency curves for baseline conditions are shown in Figure 2 , top. In all cases, at the lowest frequencies only a few bar presses per minute occurred, and at some intermediate frequency bar-pressing rates increased rapidly, whereas at higher frequencies bar-pressing rates approached an asymptote at a bar-pressing rate Ͼ40 bar presses/min. Peak bar-pressing rates in baseline conditions were very stable for each rat in all conditions. For each of the three oligo groups, mean peak bar-pressing rates ranged from 60 to 64 bar presses/min, and frequencies at half-maximum rates ranged from a mean of 57 to 62 Hz. These results indicate that the groups were well matched for the efficacy of their stimulating electrode sites. During the infusion of M5 antisense oligo, the rate-frequency curves shifted to the right, usually beginning 20 -24 hr after infusion began (day 1) and shifting gradually over the next few days. The frequency required to maintain half-maximal bar-pressing rates on each day was measured by interpolation. For rat M25 the curves shifted to the right for the first 5 d, reaching a peak increase in required frequency of 75% (Fig. 2, middle) . The tube from the pump to the cannula was cut after testing on day 6, and the rate-frequency curves shifted back to the baseline levels in the next 2-3 d. Individual t tests (corrected for multiple comparisons with the Bonferroni method) showed that the frequencies required to reach half-maximal rates shifted significantly from baseline levels on day 1 and days 3-8 but were not significantly different on day 2 and days 10 -12 for this rat.
In Figure 3 , top, smaller shifts on the first infusion of M5 antisense (i.e., for rats M24 and M28) are shown. Control infusions (Fig. 3, bottom) had only slight effects on rate-frequency curves. For example, in Figure 2 , bottom, an infusion of M5 sense in M25 showed a maximum shift of 12% on day 6. These results were significantly different from baseline levels only on days 6, 8, and 10 and then by shifting significantly below the baseline. In Figure 3 , M5 missense produced a maximum shift of 7% on day 6 for rat M28. Figure 4 shows the mean shift in required frequency for antisense, sense, and missense oligo groups, excluding K18. The logarithmic plot shows geometric means, with the group error bars shown in log units. In general, the frequency shift increased over infusion days (indicating inhibition of brain-stimulation reward by the oligos) and then decreased after the infusion was terminated (indicating recovery from inhibition). These groups were compared using ANOVA on the final 3 baseline days (days Ϫ2 to 0, the final 3 infusion days (days 4 -6), and the final 3 d of recovery (days 10 -12). The groups were significantly different on the final 3 infusion days [F (2,84) ϭ 28.8; p Ͻ 0.001] but not on the baseline days ( p Ͼ 0.5) or on the final 3 recovery days [F (2,69) ϭ 2.5; p ϭ 0.09]. On individual days, the antisense group scores were significantly higher than were those of the sense group on days 1 and 5-7 and Figure 2 . Effects of oligo infusions in the VTA on brain-stimulation reward rate-frequency curves for rat M25. Top, Baseline curves for 3 d before infusions (days Ϫ2 to 0) are shown. Middle, Rate-frequency curve shifts induced by M5 antisense oligo infusions on days 1-6 and recovery on days 7-12 are shown. Bottom, Infusion of M5 sense oligo had little effect on rate-frequency curves (days 1-12).
higher than were those of the missense group on days 2-7, but the control groups were never reliably different. The differences on day 7 indicate that the recovery was not complete 24 hr after the infusion was terminated.
Although control oligos produced slight increases on days 1-3, followed by decreases to near baseline levels by day 6, the antisense oligo increased the required frequency steadily from day 1 to 5. There was no main effect of days, however (F ϭ 0.13; p ϭ 0.98), and the one-way interaction of oligos versus days was not significant (general linear model, F ϭ 2.79; df ϭ 2,1; p ϭ 0.10, NS).
Rats given M5 antisense for the first infusion (Fig. 5, top) had larger shifts (peaking at 78% on day 5) than did rats given M5 antisense for the second infusion ( Fig. 5, bottom; peaking at 31% on day 3 or at 38% if K18 is excluded). In particular, the first M5 antisense oligo infusion had a significantly greater effect on days 4 -6 than did the second antisense infusion [F (1,7) ϭ 6.85; p Ͻ 0.05]. This suggests that the sensitivity of the reward system to M5 antisense was less when given as a second infusion after a control infusion. The antisense infusions shifted the curves more than the control infusions did, whether the oligos were given on the first or the second infusion.
Recovery from infusions
The recovery from the M5 antisense infusions occurred gradually between day 7 and 10 in the 10 sites tested. Over all recovery days (7-12) the effect of antisense oligo was significantly different from baseline (antisense recovery vs baseline, t ϭ 6.89; p Ͻ 0.001), whereas the effects of control oligos were not significantly different from baseline. The results for the antisense condition were still above those for the two control conditions (main effect of oligos, F ϭ 12.34; p Ͻ 0.0007).
In six of the nine sites (J2, K5, K18, M24, M25, and M28) showing an effect of antisense, the required frequencies recovered to within 5% of baseline levels by days 9 -12, but in two sites (J3 and K11), the frequencies did not return completely to baseline levels. In control conditions, results showed recovery to within 5% of baseline, except for J4 (which was given M5 sense) and K5 (which was given M5 missense). All five sites showing complete recovery in both conditions showed minimal postmortem damage near the cannula tip, that is, a glial scar that was Ͻ1 mm in diameter. The four sites showing incomplete recovery (J3, J4, K5, and K11) all showed damage around the cannula tip of 1.3-2.5 mm diameter that included some partial damage to the VTA or medial SN in each case. The means of all sites showing some damage are shown in Figure 6 , bottom. Therefore, more damage near the cannula tip was associated with incomplete postinfusion recovery from one of the two infusions.
The effects of M5 antisense oligo were not caused primarily by damage, however. Five of the sites showed no damage to the VTA and/or SN and showed complete recovery to within 5% of baseline. Still these sites showed a rate-frequency curve shift that was Ͼ35% during the M5 antisense infusion but was always Ͻ15% during the control infusion (Fig. 6, top) . Therefore, even when damaged sites were excluded, the antisense oligo shifted thresholds by five times that of control oligos (t ϭ 3.36; p Ͻ 0.05). Only the antisense oligo Figure 3 . Examples of rate-frequency curve shifts induced by oligos. Top, Antisense for the M5 receptor increased frequencies from day 1 to 6, followed by recovery on days 7-12. Bottom, Rate-frequency curves shifted little during and after infusions of M5 missense (left) or sense (right) oligos. shifted thresholds significantly during the 6 d of infusion versus baseline conditions (antisense vs baseline, t ϭ 4.82, p Ͻ 0.01; sense vs baseline, t ϭ 2.21, NS; missense vs baseline, t ϭ 2.22, NS). The shifts were smaller for all groups in the undamaged category than for the unselected group means of Figure 4 , as were the error bars. Recovery after infusion was complete and occurred faster in undamaged than in damaged sites. Even in the two sites that showed substantial tissue damage and incomplete recovery, the shifts during the M5 antisense infusion were 1.9 and 5.3 times larger than that of the residual effect after infusion.
Peak bar-pressing rates
Peak bar-pressing rates were lower in most animals (in all groups) on the day after surgical implantation of the osmotic minipump but often recovered by day 2 or 3. In several sites (K11, M25, and J3) on days when the antisense oligo was maximally effective, peak bar-pressing rates were found to be reduced compared with baseline levels. These rates recovered completely to baseline levels by days 9 -12. Peak bar-pressing rates were less affected by control infusions.
Inhibition of M5 receptors
M5 receptors were assayed by the use of a subtraction method Reever et al., 1997) in coded ventral tegmental tissue samples taken from rats receiving 6 d of antisense or missense oligo infusions into the VTA and/or SN region as described in the behavioral studies. In ventral tegmental brain samples taken contralateral to the cannulae, no difference in the estimated density of M5 receptors was found between missense-and antisensetreated rats (Fig. 7) . By contrast, in samples taken from the side where antisense oligos were infused, M5 receptors were significantly reduced by 25% compared with the contralateral side and by 23% relative to the missense controls. This indicates that M5 receptors were significantly reduced by the M5 antisense oligo infusions on the side of the cannula but that infusions did not cross the midline sufficiently to inhibit M5 receptors contralaterally.
DISCUSSION
Oligos infused for 6 d near the VTA produced sequence-specific shifts in the frequency required to produce brain-stimulation reward in medial forebrain bundle sites. Antisense oligo for the M5 receptor gene increased thresholds by a mean of 78% if given on the first infusion and by 31% if given on the second infusion into the VTA. Control oligos produced only slight effects (mean shifts Ͻ 15% in all conditions).
Antisense for the M5 receptor gene also reduced M5 receptor density in the ventral tegmentum ipsilateral to the cannula by 25% relative to missense controls. Because there was no change in the estimated M5 receptor density on the contralateral side, the oligos acted mainly on one side of the brain. Therefore, it is likely that M5 antisense oligos were acting maximally to reduce M5 receptors within ϳ1 mm of the injection site and not throughout the larger ventral tegmental samples. This estimate is consistent with the Figure 5 . Effects of the antisense oligo on rate-frequency curve shifts for first and second infusions. The results are divided into those sites that received the M5 antisense oligo on the first infusion (days 1-6; top) or on the second infusion (days 13-18 but labeled days 1-6 here; bottom). The antisense infusion was more effective and longer lasting on the first infusion. Figure 6 . Top, Effects of the oligo infusions on days 0 -6 on rate-frequency curve shifts for the four VTA cannula sites showing minimal histological damage and complete recovery. Bottom, Effects of the oligos in rats in which VTA or SN cell damage was observed.
behavioral results, indicating stronger effects when cannula tips were in or just dorsal to the VTA and/or SN and weaker effects when the tips were ϳ1 mm away.
Chronic infusion of oligos into the VTA has the advantage of continuous delivery of the agent near neurons that express the protein of interest (Neckers et al., 1995) . In this case, dopamine cells of the VTA express M5 receptors and are important for brain-stimulation reward. This local infusion method is useful because of the poor diffusion of oligos from the blood stream and cerebral ventricles and the short half-life of phosphodiester oligos in brain tissue (Neckers et al., 1995) .
The risk is that continuous local infusion of oligos may damage the cells, so that the behavioral change may reflect tissue damage rather than receptor inhibition. Indeed, in two sites where damage to the VTA and medial SN was observed postmortem, required frequencies increased by the largest amounts, and required frequencies failed to return completely to baseline levels after termination of antisense infusions. In four sites without damage to the VTA or SN, however, large shifts in the required frequency during M5 antisense infusion (but not control infusions) were followed by complete recovery after infusion. Even when damaged sites were excluded, increases in the required frequency after M5 antisense oligo infusions were several times larger than that of control oligos. Therefore, the increases in the required frequency are caused by the effects of the M5 antisense oligo and not by tissue damage measured postmortem.
It could be argued that temporary damage, not observed by postmortem histology and caused by the antisense oligo but not the control oligos, led to the present effects. This argument does not explain how this assumed temporary neuronal damage could be mediated by the M5 antisense, but not the almost-identical M5 missense oligo, unless the damage is somehow related to the loss of the M5 receptors. We, therefore, conclude that M5 receptor changes are the likely cause of the rate-frequency curve shifts.
Peak bar-pressing rates are considered a measure of peak performance capacity (Edmonds and Gallistel, 1977) and, as such, assess whether the oligo treatments were behaviorally toxic to the rats. In previous studies, single injections into the VTA of the muscarinic antagonist atropine (30 g) or the nicotinic antagonist dihydro-␤-erythroidine (30 or 60 g) decreased peak bar-pressing rates by up to 20% in sites where frequency threshold shifts were maximal (Yeomans and Baptista, 1997) . Here, peak bar-pressing rates decreased in several cases, by varying amounts. Small decreases in the peak bar-pressing rate, such as that found in Figure  2 , middle, for M25 in the present results, are consistent with either (1) expected effects of muscarinic receptor inhibition or (2) temporary sequence-specific behavioral toxicity. The two largest decreases in peak bar-pressing rates (Ͼ30% compared with baseline rates on several days) were found in the M5 antisense conditions for J3 and K11, conditions showing incomplete recovery after infusion and damage near the cannulae postmortem, suggesting more severe anatomical and behavioral toxicity in these two cases.
Changes in M5 receptors
Evidence of selective M5 receptor inhibition was obtained from a matched set of rat brains infused in vivo with antisense or missense oligos for 6 d. After death, the ventral tegmental samples were treated with inhibitors of M1-M4 muscarinic receptors. The antisense treatments strongly inhibited the remaining muscarinic receptors in the ventral tegmentum on the side of the infusion but did not affect the contralateral ventral tegmentum, indicating that the infusions affected a local region near the infusion site. The 25% reduction in the large ventral tegmental samples is consistent with stronger inhibition of M5 receptors in a small region near the VTA infusion site critical for brain-stimulation reward and consistent with the size of the behavioral effects observed. Oligos targeting the M1 muscarinic receptor have been found previously to produce selective inhibition of that receptor but not the M2 receptor (Zang et al., 1994) . We did not measure changes in other receptor subtypes, however, so the present results do not exclude possible sequence-specific effects of the M5 antisense oligo on other receptors.
Several studies have found that oligos targeted at various brain proteins can alter behavioral responses (Wahlestedt et al., 1993; Zhang and Creese, 1993; Adams et al., 1994; Akabayashi et al., 1994; Ogawa et al., 1994; Tischmeyer et al., 1994; Neckers et al., 1995) . In those studies, control oligos often induced smaller, but reliable, behavioral changes relative to baseline, similar to those observed here. It is not known whether these smaller shifts are caused by nonspecific effects of the oligos or by specific hybridization with other genes and/or mRNAs.
Conclusions
The present results support the idea that M5 muscarinic receptors in the VTA are important for the cholinergic activation of dopamine cells believed crucial to brain-stimulation reward in medial forebrain bundle sites (Yeomans et al., 1985a (Yeomans et al., ,b, 1993 . These results are consistent with previous results using nonselective muscarinic blockers but show further that inhibition of the M5 receptor subtype is responsible for most of that effect. According to this interpretation, M5 muscarinic receptors occupy a nodal point in the converging reward systems that activate mesolimbic dopamine systems (Yeomans, 1995) . Figure 7 . Density of M5 muscarinic receptors in the ventral tegmentum after unilateral infusions into the VTA estimated with the subtraction method of Flynn et al. (1997) . M5 receptor density was decreased ipsilateral to the antisense infusion but not by the missense infusion. The volume of tissue sampled in the ventral tegmentum included all of the VTA and SN, so the local infusions in the VTA reduced M5 density in only a part of that tissue, as indicated by the lack of effect on the contralateral tissue.
